FIELD, GEOCHRONOLOGIC, AND GEOCHEMICAL CONSTRAINTS ON LATE PRECAMBRIAN TO EARLY PALEOZOIC TERRANE ACCRETION IN THE SOUTHERN APPALACHIAN BLUE RIDGE PROVINCE by Larkin, Emma A.
University of Kentucky
UKnowledge
Theses and Dissertations--Earth and Environmental
Sciences Earth and Environmental Sciences
2016
FIELD, GEOCHRONOLOGIC, AND
GEOCHEMICAL CONSTRAINTS ON LATE
PRECAMBRIAN TO EARLY PALEOZOIC
TERRANE ACCRETION IN THE
SOUTHERN APPALACHIAN BLUE RIDGE
PROVINCE
Emma A. Larkin
University of Kentucky, emma.larkin@uky.edu
Digital Object Identifier: http://dx.doi.org/10.13023/ETD.2016.311
Click here to let us know how access to this document benefits you.
This Master's Thesis is brought to you for free and open access by the Earth and Environmental Sciences at UKnowledge. It has been accepted for
inclusion in Theses and Dissertations--Earth and Environmental Sciences by an authorized administrator of UKnowledge. For more information,
please contact UKnowledge@lsv.uky.edu.
Recommended Citation
Larkin, Emma A., "FIELD, GEOCHRONOLOGIC, AND GEOCHEMICAL CONSTRAINTS ON LATE PRECAMBRIAN TO
EARLY PALEOZOIC TERRANE ACCRETION IN THE SOUTHERN APPALACHIAN BLUE RIDGE PROVINCE" (2016).
Theses and Dissertations--Earth and Environmental Sciences. 39.
https://uknowledge.uky.edu/ees_etds/39
STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution has been
given to all outside sources. I understand that I am solely responsible for obtaining any needed copyright
permissions. I have obtained needed written permission statement(s) from the owner(s) of each third-
party copyrighted matter to be included in my work, allowing electronic distribution (if such use is not
permitted by the fair use doctrine) which will be submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and royalty-
free license to archive and make accessible my work in whole or in part in all forms of media, now or
hereafter known. I agree that the document mentioned above may be made available immediately for
worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in future
works (such as articles or books) all or part of my work. I understand that I am free to register the
copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on behalf of
the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of the program; we
verify that this is the final, approved version of the student’s thesis including all changes required by the
advisory committee. The undersigned agree to abide by the statements above.
Emma A. Larkin, Student
Dr. David P. Moecher, Major Professor
Dr. Edward W. Woolery, Director of Graduate Studies
 
 
 
 
 
 
 
 
FIELD, GEOCHRONOLOGIC, AND GEOCHEMICAL CONSTRAINTS ON LATE 
PRECAMBRIAN TO EARLY PALEOZOIC TERRANE ACCRETION IN THE 
SOUTHERN APPALACHIAN BLUE RIDGE PROVINCE 
 
 
 
 
 
THESIS 
 
 
A thesis submitted in partial fulfillment of the  
requirements for the degree of Master of Science in the 
College of Arts and Sciences  
at the University of Kentucky 
 
 
By 
Emma Anne Larkin 
Lexington, Kentucky 
Director: Dr. David P. Moecher, Professor of Geology 
Lexington, Kentucky 
2016 
Copyright 
©
 Emma Anne Larkin 2016 
  
 
 
 
 
 
 
 
 
 
ABSTRACT OF THESIS 
 
 
 
 
FIELD, GEOCHRONOLOGIC, AND GEOCHEMICAL CONSTRAINTS ON LATE 
PRECAMBRIAN TO EARLY PALEOZOIC TERRANE ACCRETION IN THE 
SOUTHERN APPALACHIAN BLUE RIDGE PROVINCE 
 
Xenolith-bearing orthogneiss of Amazonian affinity discovered in the Dellwood 
quadrangle in the Blue Ridge basement complex represents the oldest crustal component 
of the southern Appalachians (1.33 – 1.37 Ga: Quinn, 2012). New U-Pb zircon ages for 
migmatitic paragneiss of the Cartoogechaye terrane exposed in the Dellwood quadrangle 
reveal two unique detrital zircon age signatures that indicate either a local eastern 
Laurentian margin source or an exotic source. Detailed mapping, whole rock 
geochemistry, and U-Pb zircon geochronology were conducted to determine whether this 
exotic crustal component extends farther south into the Hazelwood 7.5” quadrangle. 
Lithological similarities exist between paragneisses in the Dellwood quadrangle and 
those in the Hazelwood quadrangle. However, the increase in proportion of leucosome 
and polyphase folding prevent direct correlation of lithologies between the areas. Whole 
rock major element compositions overlap the composition of basement orthogneisses. 
Zircon ages of six paragneiss samples reveal multiple detrital zircon age modes that are 
dominated by two Grenville modes at ~1050 and 1150 Ma. Minor zircon populations 
exist at ~450 – 480, 700 – 900, and 1300 – 1500 Ma. Age distributions and compositional 
trends are evidence that the protolith of the paragneiss in the Hazelwood quadrangle was 
Neoproterozoic rift sediments with a dominant Laurentian margin source.  
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CHAPTER I. INTRODUCTION 
Laurentia, like all the major cratons, was assembled from Archean granite gneiss 
and greenstone terranes, Paleoproterozoic mobile belts that stitched together the Archean 
terranes, and late Proterozoic to Phanerozoic orogens/terranes that added varying 
amounts of new or recycled crust to the Laurentian margin (Hoffman, 1999; Whitmeyer 
and Karlstrom, 2007).  The ultimate origin and timing of the assembly of all the crustal 
components comprising the major cratons is a fundamental question regarding evolution 
of Earth’s lithosphere. Previous interpretations have suggested that eastern Laurentian 
crustal assembly involved episodic accretion of tectonostratigraphic terranes, including 
many considered exotic, from the Mesoproterozoic to the end of the Paleozoic (Sinha et 
al., 1996; Loewy et al., 2003; Tohver et al., 2004; Fisher et al., 2010). However, many 
questions remain to be resolved regarding eastern Laurentian margin evolution, with 
respect to understanding crustal terranes that composed the Blue Ridge basement in the 
southern Appalachian orogen. Multiple periods of deformation and high-grade 
metamorphism have led to overprinting and pose a challenge for unraveling crustal 
evolution in the southern Appalachian Blue Ridge.  Despite these complexities, 
integration of rigorous geologic mapping, petrology, geochemistry, and geochronology 
can be used to place constraints on the origin of crustal terranes and their assembly 
history. 
The southern Appalachians are comprised of multiple tectonostratigraphic 
terranes that comprise a large composite thrust sheet (Figure 1.1; Hatcher et al., 2005; 
Thigpen et al., 2005). The terrane divisions include the western Blue Ridge, central Blue 
Ridge, eastern Blue Ridge, and the Mars Hill, Inner Piedmont, and Cat Square terranes 
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(Hatcher, 2005). This thesis will focus on the examining the provenance of the central 
Blue Ridge, specifically the Cartoogechaye terrane. 
The Cartoogechaye terrane is an enigmatic package of lithologies that includes 
highly deformed and intensively metamorphosed sedimentary and igneous rocks within 
the central Blue Ridge. New U-Pb zircon age data from Quinn (2012) indicate that there 
are at least two unique detrital zircon age signatures of paragneisses within the 
Cartoogechaye, including suites that are both typical and atypical of Grenville rocks with 
Laurentian provenance (Figure 1.2). The atypical age spectra are similar to the Carvers 
Gap paragneiss in the Mars Hill terrane, which is interpreted to be derived from rocks of 
Amazonian crustal affinity (Aleinkoff, 2013). The Cartoogechaye terrane geochemical 
signatures (whole rock Sm-Nd, and feldspar Pb systematics) and U-Pb zircon ages of 
some of the basement orthogneisses are similar to the southwestern Amazon craton in 
Brazil (Figure 1.3; Quinn, 2012).  The complexity and heterogeneous nature of the 
detritus that contributed to the formation of the Cartoogechaye terrane requires further 
investigation of the extent of exotic metasedimentary units in order to produce a 
meaningful tectonic model of Proterozoic terrane amalgamation. 
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Figure 1.1: Generalized geologic map of the southern Appalachians, showing major terranes, plutonic 
rocks, and faults (after Moecher et al., 2011, modified from Rankin et al., 1990). Pink rectangle outlines the 
study area.  WBR- western Blue Ridge; CBR- central Blue Ridge; EBR-eastern Blue Ridge; GB-Grenville 
Basement orthogneiss; GSG and GS- Great Smoky Group and Snowbird Group metasediments; MB-
Murphy Belt; TD- Toxaway dome; TFD- Tallulah Falls dome; WCG-Walden Creek Group; white- 
Paleozoic strata; black- mafic and ultramafic metamorphic rocks, pink-Paleozoic granites. 
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Figure 1.2: Probability density plots of zircon from three biotite gneiss samples from the Dellwood 
7.5”quadrangle (data from Quinn, 2012). Sample DEL08-2e (brown) has an age spectrum that exemplifies 
a Grenville zircon signature. Samples ASH08-9a (gray) and DEL03-1 (green) have age spectra that are 
atypical of Grenville sourced rocks suggesting an exotic or mixed protolith. A Grenville zircon signature 
will typically have age modes that represent the orogenic phases of the Grenville orogeny, in particular, the 
Shawinigan (ca. 1150 Ma) and Ottowan (ca. 1050 Ma) phases.  An exotic zircon signature is characterized 
by an abundance of Paleoproterozoic grains and a lack of at least one of the two main Grenville age modes. 
An age mode between 450 and 480 Ma is not indicative of either a Grenville or exotic protolith as it 
correlates with the Taconic orogeny. Gray shaded bars represent crust forming events. Timing of 
Paleoproterozoic orogenesis from Whitmeyer and Karlstrom, 2007. Timing of Mesoproterozoic orogenesis 
from Rivers, 2008; Hynes and Rivers, 2010. Timing of Paleozoic orogenesis from Hatcher, 2005; Moecher 
et al., 2011.  
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Figure 1.3: Tera-Wasserburg plot modified from Quinn, 2012 of U-Pb isotopic data for zircon from a 
hornblende orthogneiss sample collected in the Dellwood 7.5” quadrangle.  A magmatic age of ~1330 
indicates a crust forming event occurred prior to the Grenville orogeny. Feldspar Pb isotope data for this 
sample are most consistent with an Amazonian crustal affinity.
5
 
Geologic Setting 
The Blue Ridge terrane is a continuous northeast trending belt that extends from 
south-central Pennsylvania to northern Georgia. It experienced multiple compressional 
and extensional events from the Mesoproterozoic to the Permian (Figure 1.4). The 
earliest event, the Grenville Orogeny, involved diachronous collision of the eastern 
margin of Laurentia with Amazonia from 1090-980 Ma to produce the supercontinent 
Rodinia (Tohver et al., 2006; Rivers et al., 2008). The main stages of the Grenville 
orogeny include the Elzevirian, Shawinigan, Ottawan, and Rigolet (McLelland et al., 
1996; Rivers, 2008; Figure 1.4). The Grenville orogeny produced large volumes of clastic 
sediments that were derived from the mountain chain and transported away from the 
orogen by a pan-continental river system (Rainbird et al., 2012).    
Rifting and breakup of Rodinia occurred in two distinct pulses at 765-680 Ma and 
620-550 Ma, with formation of intracratonic (Ocoee) and continental margin rift basins 
that formed the incipient Iapetus Ocean (Rankin et al., 1997; Tollo, 2004). Rifting was 
followed by development of a passive margin drift phase from the late Neoproterozoic to 
Lower Ordovician (Tollo, 2004). The drift phase was followed by a reversal in plate 
motion, leading to subduction of Iapetan oceanic crust and formation of the Taconic 
volcanic arc. Hatcher (2005) suggested that during the early stages of the Taconic 
orogeny, oceanic and arc assemblages were obducted onto the Laurentian margin and the 
central Blue Ridge was transported along the Haysville thrust fault into juxtaposition with 
the western Blue Ridge. However, Massey and Moecher (2005) suggest there is a lack of 
structural evidence to support the interpretation of a thrust contact between these two 
6
 
terranes. Taconic orogenesis lasted from 480-450 Ma, with peak metamorphism at ca. 
450-460 Ma (Moecher et al., 2004, 2011; Miller et al., 2006; Corrie and Kohn 2007). 
Collision of the Laurentian margin with the Carolina superterrane between ca. 
390-350 Ma resulted in the Neoacadian orogeny, which is primarily recorded in 
metamorphic zircon rim ages in migmatites and metaplutonic rocks of the eastern Blue 
Ridge, Inner Piedmont and Cat Square terranes (Bream et al., 2004; Hatcher, 2005; 
Merschat, 2009). However, within the western and central Blue Ridge terranes evidence 
of the Neoacadian orogeny is generally not observed.  
The final collisional event, the Alleghanian orogeny, led to the present day 
configuration of the Appalachians and involved the collision of the Laurentian margin 
with the African plate at 325-265 Ma. This orogeny resulted in development of a foreland 
basin and fold-thrust belt during emplacement of the Appalachian hinterland along the 
Great Smoky thrust (Hatcher et al., 1989). In the Blue Ridge, evidence of the Alleghanian 
orogen includes retrograde greenschist facies metamorphism and localized retrograde 
ductile shear zones (Hatcher et al, 2005; Kunk et al., 2006). 
Western Blue Ridge 
 The western Blue Ridge (WBR) is comprised of Neoproterozoic-Cambrian 
sedimentary rocks deposited in normal fault-bounded rift basins unconformably above 
Mesoproterozoic Grenvillian continental crust (King et al., 1958; Hadley and Goldsmith, 
1963; Rankin, 1975). WBR Grenville basement paragneiss consists of migmatitic biotite 
gneiss and orthogneisses that consist predominatly of granitoid gneiss and augen gneiss 
(Southworth, et al. 2005, 2012).  Other lithologies include hornblende-biotite gneiss, 
amphibolite, dunites and websterites, and isolated bodies of calc-silicate granofels. The 
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Neoproterozoic Ocoee Supergroup (OSG), which consists of a >10 km thick sequence of 
immature feldspathic metaclastic rocks, unconformably overlies the Grenville basement. 
The OSG is subdivided into the Snowbird, Great Smoky, and the Walden Creek Groups 
(King et al., 1958; Hadley and Goldsmith, 1963). The Cambrian Chilhowee Group, 
which stratigraphically overlies the OSG, consists of a dominantly passive margin clastic 
sequence that includes quartzite, shale, and siltstone. (Hatcher et al., 2005). 
Central Blue Ridge 
 The central Blue Ridge (CBR) is a ductile fault bounded terrane separated from 
the adjacent terranes by the Hayesville fault to the northwest and the Soque River fault to 
the southeast.  The CBR is divided into several sub-terranes that have been interpreted to 
represent a crystalline thrust stack located between the western and eastern Blue Ridge.  
The terrane divisions, from structurally highest to lowest, include the Cartoogechaye 
terrane, Cowrock, and Dahlonega gold belt (Hatcher, 2005).  
 The Cartoogechaye terrane is dominated by migmatitic biotite paragneiss (and 
orthogneiss?) with lesser amphibolite, dunite, and peridotite (Hadley and Nelson, 1971; 
Merchat, 2009). The biotite gneiss and amphibolite are interpreted to have been deposited 
as deepwater sedimentary and volcanic rocks on the distal Laurentian margin. The 
amphibolite, dunite, and peridotite are interpreted to be remnants of ophiolites (Hatcher, 
2005). From U-Pb zircon dating of Cartoogechaye orthogneiss and mafic xenoliths, 
Quinn (2012) identified magmatic pulses at ca. 1130, 1180, and 1330 Ma. Merschat et al. 
(2010) present preliminary U-Pb zircon age data that imply the presence of Grenville 
basement orthogneiss (Trimont Ridge complex) in the Cartoogechaye terrane. The 
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amount of Grenville basement present in the Cartoogechaye is uncertain and remains to 
be tested. 
 The Cowrock terrane, the southernmost terrane, is exposed primarily in Georgia 
and subdivided into three formations: the Persimmon Creek Gneiss, Coleman River 
Formation, and Ridgepole Mountain Formation (Hatcher, 1979). Biotite schist and 
quartzite of the Ridgepole Mountain Formation overlay metasandstone and pelitic schist 
of the Coleman River Formation. The Persimmon Creek Gneiss, a ~468 Ma tonalitic 
pluton, intrudes into the Coleman River Formation (Hatcher, 1979; McDowell et al., 
2002; Merschat, 2009).  
 The Dahlonega gold belt is exposed in a continuous northeast trending belt as 
well as in the Great Balsams Window (Figure 1.3).  The Otto Formation of the 
Dahlonega gold belt, which is exposed in the Great Balsams window, consists of a 
siliciclastic sequence of immature metaclastic rocks interpreted as deepwater sedimentary 
deposits that are lithologically similar to and potentially temporally equivalent with the 
Copperhill Formation (Great Smoky Group) to the northwest.  Merschat (2009) 
recognized an interlayered mafic component, which the study used to separate the Otto 
and Copperhill formations. 
Eastern Blue Ridge 
The eastern Blue Ridge, the structurally highest fault bounded Blue Ridge terrane, 
is comprised of the Neoproterozoic to Cambrian Ashe-Tallulah Falls Formation, 
Paleozoic plutons, and few Mesoproterozoic basement massifs (Hatcher et al., 2005). The 
Ashe-Tallulah Falls Formation, which consists of primarily metagraywacke, amphibolite, 
and mica schist, is interpreted as Laurentian affinity metaclastic rocks deposited 
9
 
nonconformably on Grenvillian and oceanic crust (Bream, 2003; Bream et al. 2004; 
Hatcher et al., 2004). Paleozoic magmas intruded the Ashe-Tallalah Falls Formation in 
three phases during the Ordovician, Devonian, and Mississippian (Miller et al., 2006). 
Mesoproterozoic basement is exposed in the Tallulah Falls and Toxaway dome (Hatcher 
et al., 2004). The eastern Blue Ridge is not exposed in the study area, however, it has 
been suggested that the Cartoogechaye terrane contains rocks from the Tallulah Falls 
Formation (Hatcher, et al., 2003). 
 
 
Figure 1.4: Timeline of crust-forming events in the southern Appalachians. Timing of Mesoproterozoic 
orogenesis from Rivers, 2008; Hynes and Rivers, 2010. Timing of Neoproterozoic rifting from Tollo, 2004. 
Timing of Paleozoic and Mesozoic orogenesis and rifting from Hatcher, 2005; Moecher et al., 2011.  
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Purpose of Study 
Recent work by a number of other studies in the Dellwood (Chakraborty, 2010; 
Loughry, 2010; Anderson, 2011; Quinn, 2012) and Waynesville (Merschat, 2009) 7.5-
minute quadrangles has refined the stratigraphic, geochronologic, and 
geochemical/isotopic signatures of  western and central Blue Ridge units. The purpose of 
this study is to use these latter characteristics for comparison and correlation in the 
Hazelwood quadrangle, immediately south of the Dellwood quadrangle, in order to 
further test models of terrane accretion in the southern Blue Ridge. Previous geologic 
mapping of the Hazelwood study area was by Edelman (unpublished mapping) and 
Montes (1997). However, no previously published maps of the north half Hazelwood 
quadrangle were produced at a 1:24000 scale, therefore, the first task was to conduct 
bedrock mapping of the north half of the Hazelwood quadrangle (Plate 1) in order to test 
whether the lithologies exposed in the Dellwood quadrangle (immediately north of the 
Hazelwood quadrangle) extend farther south. Sampling of map units and geochemical 
analysis will permit assessment of unit provenance and evaluation of suspected 
Mesoproterozoic bedrock recycling. The second major task, zircon U-Pb geochronology, 
will permit further assessment of an igneous vs. sedimentary protolith for the migmatitic 
gneisses that dominate the bedrock in the study area. If the protolith is determined to be 
sedimentary, then the detrital zircon age distributions will provide constraints on 
provenance – either a Laurentian  or an exotic (Amazonian: Loewy et al., 2003; Tohver et 
al., 2010) source.   
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CHAPTER II. ANALYTICAL METHODS 
Geologic Mapping 
 Detailed 1:24,000-scale geologic mapping of the north half of the 
Hazelwood 7.5-minute quadrangle was conducted over a six month field season during 
the summer and winter of 2014. Outcrop locations were determined using Trimble 
Outdoors GPS software and a Holux GPS receiver coupled with a Dell Axim PDA 
running ArcPad
®
. Station numbers were assigned to each outcrop location to relate the 
field data and observations to the locations recorded via GPS.  Thirty-five samples were 
collected and prepared for petrographic, geochronological, and geochemical analysis 
(Figure 2.1). When possible, samples were spatially oriented.  A digital geologic map 
was created using ESRI Arcmap
®
 and Adobe Illustrator
®
. The 2013 topographic base 
map was produced by the USGS. 
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U-Pb Zircon Geochronology 
U-Pb zircon geochronology was carried out by laser ablation-inductively coupled 
plasma-mass spectrometry (LA-ICP-MS) and secondary ion mass spectrometry (SIMS).  
Six paragneiss samples and one orthogneiss sample were selected as representative 
samples for analysis.  The paragneiss samples were analyzed at the Arizona Laserchron 
Center on a Thermo Element2 multi-collector ICPMS. The orthogneiss sample was 
analyzed at the University of California Los Angeles (UCLA) on a CAMECA 1270 
secondary ion microprobe.  
Samples were prepared at the University of Kentucky. Approximately 1 kg of 
sample was crushed into gravel-sized fragments using a jaw crusher and then milled into 
a fine-grain sand using an iron disc mill. Between each sample, the equipment was 
cleaned with a vacuum, compressed air, and isopropyl alcohol. The samples were wet 
sieved using 250, 125, and 53 µm disposable plastic mesh. New mesh was used for each 
sample to avoid cross-contamination. The 125-250 and 53-125 µm aliquots were 
ultrasonically rinsed and dried in an oven. Heavy minerals were separated using 
acetylene tetrabromide (specific gravity = 2.96) and methylene iodide (SG = 3.32).   
Magnetic minerals were removed using a ceramic block magnet and a Frantz Isodynamic 
Magnetic Separator Model LB-1. Mineral separates were collected for 0.25, 0.5, and 1.0 
Amp. Samples with remaining apatite were separated with a third heavy liquid separation 
of methylene iodide. Remaining pyrite was handpicked from each sample.  
After sufficient zircons were separated (< ~10% impurities), detrital grains were 
mounted for LA-ICP-MS and the magmatic grains were mounted for SIMS. The zircons 
from the paragneiss samples were analyzed as detrital grains (i.e., large n) as the protolith 
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for many paragneisses are uncertain due to the high proportion of zircons related to 
migmatite formation in these samples. For these samples, a glass mounting tube from the 
Arizona Laserchron Center was attached to a ceramic tile with 2 inch wide 3M
®
 double 
sided tape. A single sample was poured into the mounting tube and rotated to distribute 
the grains. Excess zircons were removed by holding the tile upside down over weighting 
paper. Standard grains from the Arizona Laserchron Center were mounted using forceps 
around the sample based on a diagram from the lab. The zircons from orthogneiss were 
analyzed as magmatic zircons. For this sample, grains were handpicked and placed on a 
ceramic tile with 2 inch wide 3M
®
 double sided tape.  For all samples, a 1 inch plastic 
mounting ring was placed around the zircons. An epoxy mount was created by combining 
5 parts Buehler Epo-Thin
®
 epoxy resin with 2 parts Buehler Epo-Thin
®
 epoxy hardener. 
The resin and hardener were slowly mixed for 5 minutes and then placed in a Branson 
2210 ultrasonic cleaner for 2 minutes. The epoxy mixture was poured into the mounting 
ring over the grains and left undisturbed to set for 24 hours. The mounts were removed 
from the plates and polished to expose the grain cores using 1200 grit sandpaper followed 
by 2000 grit sandpaper. The mount was polished with a 0.3µm alumina powder polish to 
remove scratches. The mount was then ultrasonically washed to remove excess polish.  
For all paragneiss samples, backscatter electron (BSE) and cathodoluminescence 
(CL) images were collected at the University of Kentucky on the CAMECA sx50 
electron probe microanalyzer. For the orthogneiss sample, BSE and CL images were 
collected at UCLA. BSE and CL images were used to identify internal zoning, 
metamorphic overgrowths, inherited cores, inclusions, and fractures in the zircon grains. 
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This information was used to guide spot locations for analysis and to interpret the 
meaning of the U-Pb age data.  
Detrital zircons were analyzed at the Arizona Laserchron Center. Operating 
conditions of the LA-ICP-MS described by Gehrels et al. (2008) were used.  Zircon 
standards Sri Lanka (~563 Ma), FC-1 (~1099 Ma), and R33 (~419 Ma) were analyzed 
every five grains. The standard grains define a probability density function with a normal 
distribution (Figure 2.2b). A single analysis has an analytical error (Figure 2.2a) 
associated with it that is related to the standard deviation of the mean of the six isotopic 
ratios measured for each spot. However, additional uncertainties, that combine to define 
the age population, can create outliers; therefore, the date for a single grain analyzed is 
merely an estimate of the true age of the population of grains which means multiple dates 
are required to determine a geologically meaningful age (Pullen et al., 2014).  
Approximately 300 grains were analyzed for each sample. CL images, collected 
before analysis, were used to locate the cores of the grains. For each analysis, zircons 
were ablated with a Photon Machines Analyte G2 excimer laser equipped with a HelEx 
ablation cell using a spot diameter of 20 µm. The ablated material was transported in 
helium to the Element2 ICP-MS.  The process involved 5 seconds of measuring peaks 
with a non-firing laser to collect background intensities followed by 10 seconds of 
measuring peaks with the laser firing. A 20 second delay between each sample was set to 
purge the system of ablated material and save the analysis file. Raw U-Th-Pb data 
reduction to calculate concentrations, isotope ratios, and ages for the unknowns was 
performed at the University of Arizona with a Python decoding routine and an excel 
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spreadsheet (E2agecalc). All Concordia, Tera-Wasserburg, weighted mean, and relative 
probability plots were created using Isoplot 3.60 (Ludwig, 2008). 
For the orthogneiss sample (H14-020), the mount was coated with approximately 
100Å of Au. Operating conditions of the SIMS are similar to those described by Hietpas 
et al. (2011). Zircon grains of standard AS3 (~1099 Ma: Paces and Miller, 1993) were 
analyzed to make a calibration curve for comparison with unknown analyses. The 
analyses were carried out using a primary O
-2
 ion beam with a spot diameter of 15 µm. 
The sample chamber was flooded with oxygen to increase secondary ionization of Pb
+1
. 
Each analysis consisted of 6 cycles yielding a run time of 6 min per analysis. Raw U-Th-
Pb data reduction was performed using Isoplot (Ludwig, 1999).  
17
 
 
Figure 2.2:  Age plots from standard FC-1. (A) Mean ‘best age’ plot. (B) Probability density plot. All 
analyses are by LA-ICP-MS. A single outlier at ~1385 Ma demonstrates analysis of an older zircon core. 
Therefore, when interpreting results of sample age spectra it is necessary to have more than one zircon age 
to define a significant population. The accepted age of FC-1 is 1099 + 1 Ma (Paces and Miller, 1993). 
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Whole Rock Geochemistry: X-ray Fluorescence 
 Whole rock analysis of major, minor, and trace elements was carried out by X-ray 
fluorescence spectrometry (XRF). Ten representative gneiss samples were prepared and 
analyzed at the Kentucky Geologic Survey. Samples were washed and weathered 
surfaces were removed with a wire brush. Approximately 1 kg of sample was crushed 
into gravel-sized fragments using a jaw crusher. A portion of the sample was powdered 
using a 3-puck shatterbox with tungsten carbide steal grinding pucks to produce 
approximately 50 ml of fine powder. The jaw crusher and shatterbox chambers were 
cleaned between each sample with a vacuum, compressed air, and isopropyl. 
Low dilution lithium tetraborate fused discs were prepared at the Kentucky 
Geologic Survey X-ray analytical lab.  A mixture of 4.000 ± 0.001 g of sample and  
8.000 ± 0.001 g of Fluxite
®
 (90 Li2Br4O7: 10 LiF) was placed in a platinum crucible and 
two drops of 5.8 M LiBr were added.  Fused discs were made using a Katanax K1 Prime 
electric fluxer with a maximum temperature of 1080˚C. The fused discs were analyzed on 
a 4-kW Bruker S4 Pioneer wavelength dispersive X-ray fluorescence spectrometer. The 
elemental concentrations of the unknown samples were calculated using Spectra Plus
®
, 
which compares the X-ray intensities for each element with the intensities of standards. 
The standards used were from the USGS (DNC-1, BIR-1, W2a, BCR-2, BHVO-1, 
BHVO-2, AVG-2, G-2, STM-1, GSP-1), Irish Geologic Association (OU-3, OU-4, 
AMH-1, YG-1, KPT-1), Canadian Certified References Materials Project (MRG-1, SY-2, 
S-3), South African Reference Materials SARM 4, SARM 50), Centre de Recherches 
Pétrographiques et Géochimiques (BE-N) and Chinese National Standard (GBW 07105). 
Concentrations calculated by Spectrum Plus
®
 for vanadium, uranium, thorium, and 
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gallium were anomalous and omitted from this study. One possible explanation for 
anomalous data is that elemental concentrations for these elements are too low for 
accurate analysis.  
 
CHAPTER III. FIELD OBSERVATIONS AND PETROGRAPHIC 
DESCRIPTIONS 
General Lithostratigraphy 
Western Blue Ridge 
 The western Blue Ridge in the Hazelwood quadrangle (Figure 3.1) consists of 
Grenville basement augen orthogneiss and variably migmatitic biotite paragneiss in 
contact with pelitic schist and metapsammite of the Copperhill Formation (Great Smoky 
Group).  The Copperhill Formation is the dominant unit in the northwestern portion of 
the study area. Augen orthogneiss and migmatitic biotite paragneiss are only observed as 
the nose of the Campbell Creek anticline in the northwestern corner of the quadrangle. 
The augen orthogneiss mapped in Hazelwood quadrangle is spatially continuous with a 
band of the same unit in the basement complex of the Dellwood quadrangle (Hadley and 
Goldsmith, 1963).  
 Biotite gneiss (Ym) is light-gray to medium-gray, fine- to medium-grained, 
inequigranular to equigranular, and foliated (Figures 3.2-3.3). It consists of quartz, 
plagioclase, potassium feldspar, biotite, and muscovite. Augen orthogneiss (Yag) is light-
gray to medium-gray, medium- to coarse-grained with   megacrysts (augen) of 
microcline, inequigranular, massive to well-foliated, protomylonitic (Figure 3.4), and 
consists of quartz, microcline, plagioclase, biotite, epidote, and muscovite (Figure 3.5). 
Augen are comprised of potassium feldspar aggregates and are commonly wrapped by 
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biotite (Figure 3.6). The augen gneiss is exposed within the core of the Campbell Creek 
anticline.  
 The Copperhill Formation (Zch) consists of metapsammite to gneissic 
metapsammite and biotite-muscovite schist. Metapsammite is tan to light-gray, fine- to 
medium-grained, non-foliated to foliated, inequigranular to equigranular (Figure 3.7), and 
consists of quartz, plagioclase, biotite, muscovite, and garnet (Figure 3.8) and is 
commonly interlayered with pelitic schist with layer thickness ranging from 1 cm to 2 m. 
Biotite-muscovite schist is light-gray to dark-gray, rusty weathering, medium- to coarse-
grained; well foliated, lepidoblastic, porphyroblastic (Figure 3.9), and consists of 
muscovite, biotite, quartz, plagioclase,KyS garnet, kyanite or sillimanite, and staurolite 
(Figures 3.10-3.13).  
Central Blue Ridge 
 The central Blue Ridge in the Hazelwood quadrangle contains two distinct 
lithologies: Cartoogechaye gneiss and Otto Formation metaclastic rocks of the Dahlonega 
Gold Belt (Bream and Hatcher, 2002; Hatcher, 2005).   The Cartoogechaye gneiss is 
exposed as a northeast trending belt extending across the entire map area. The Otto 
Formation is exposed in the southeastern corner of the map area (Figure 3.1). Lithologic 
similarities are common between the Otto formation and the psammitic meBimbers of the 
Copperhill Formation, however, correlation of the units in the southeastern portion to the 
Otto Formation is based on previous work to the southwest by Montes (1997) and to the 
east by Merschat (2009), both of which recognized amphibolite bodies enclosed by 
hornblende gneiss in the Otto Formation along strike, and thus distinguishing the Otto 
Formation from the Copperhill Formation.  
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 The Cartoogechaye terrane gneiss (Єzct) is a heterogeneous assemblage of 
dominantly migmatitic biotite gneiss and hornblende-biotite gneiss, with lesser 
amphibolite. Migmatitic biotite gneiss, which is the dominant unit in the study area, is 
medium- to dark-gray, medium- to coarse-grained, well-foliated (layered, with 
leucosomes), inequigranular, and locally porphyroblastic. It consists of quartz, 
plagioclase, biotite, potassium feldspar, muscovite, epidote, and garnet phorphyroblasts 
(Figures 3.14-3.21). Hornblende-biotite gneiss, which occurs as lenses in biotite gneiss, is 
a medium- to dark-gray, medium- to coarse-grained, foliated, inequigranular, and locally 
porphyroblastic unit.  It consists of quartz, plagioclase, biotite, hornblende and garnet 
(Figure 3.24). Amphibolite is common, and occurs as as cm to m scale boudins, lenses, 
and layers in migmatitic biotite gneiss (Figure 3.22). Amphibolite is dark-gray, medium- 
to coarse-grained, and inequigranular and consists of plagioclase, hornblende, and garnet 
(Figure 3.23). The degree and style of migmatization is variable, but is the most 
conspicuous and characteristic aspect of Cartoogechaye rocks. Stromatic and schileren 
migmatite structures are common throughout the Cartoogechaye terrane. Agmatite 
structures, which involve leucosome and migmatitic biotite gneiss folded around lenses 
and blocks of amphibolite and biotite gneiss, are only observed in outcrops with 
amphibolite present.  
 The Otto Formation of the Dahlonega gold belt (ЄZo) consists primarily of 
gneissic metapsammite and biotite schist. Gneissic metaspsammite is tan to medium-
gray, fine- to medium-grained, equigranular, foliated, and locally migmatitic (Figure 
3.25). Unit mineralogy consists of quartz, plagioclase, muscovite, biotite, potassium 
feldspar, and garnet. Gneissic metaspammite is commonly interlayered with peltic schist 
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and metasiltstone with layer thickness ranging from 1 cm to 2 m. Biotite schist is dark-
gray, orange-yellow weathering, fine- to medium-grained, lepidoblastic, and 
porphyroblastic (Figure 3.26). It contains quartz, biotite, muscovite, garnet, and 
sillimanite (Figure 3.27).  
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Figure 3.1:  Geologic map of the Hazelwood 7.5” quadrangle, western North Carolina. Ym: migmatitic biotite gneiss; Yag: augen gneiss; Zch: Copperhill 
Formation; ЄZct: Cartoogechaye terrane; ЄZo: Otto Formation. A high resolution version of this map is available in file 1.  
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Figure 3.1: Continued.  Cross-section and explanation for the geologic map of the Hazelwood 7.5” quadrangle. 
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Figure 3.2: Photograph of hand sample of biotite gneiss sample H15-002. Collected in the rim of the 
Campbell Creek anticline.  
 
 
Figure 3.3: Photomicrograph in polarized light of biotite gneiss sample H15-002. Fine-grained biotite and 
recrystallized quartz define the dominant foliation. 
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Figure 3.4: Photograph of hand sample of augen gneiss sample H15-001 collected in the core of the 
Campbell Creek anticline. 
 
 
Figure 3.5: Photomicrograph of augen gneiss sample H15-001 annotated to show mineral assemblage and 
foliation defined by recrystallized biotite, epidote, and quartz. 
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Figure 3.6:  Photomicrograph (crossed polar) of augen gneiss sample H15-001 showing biotite grains 
wrapping around relict Kfs phenocryst recrystallized to porphyroclast (augen: yellow line). 
 
 
Figure 3.7: Photograph of a hand sample of Copperhill metapsammite. Photograph taken at the location of 
sample H14-007. 
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Figure 3.8:  Photomicrograph of Copperhill metapsammite sample H15-008 annotated to show mineral 
assemblage.  
 
 
Figure 3.9:  Photograph of hand sample of Copperhill biotite-muscovite schist sample H15-007 containing 
a deformed leucosome parallel to the foliation. Parallelism of cm-scale kyanite porphyroblasts, biotite and 
muscovite defines the dominant fabric. 
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Figure 3.10: Photomicrograph of Copperhill biotite-muscovite schist sample H14-008 annotated to show 
mineral assemblage. Fibrous sillimanite is crystallizing at the grain boundary of kyanite and is interlayered 
with muscovite. 
 
  
Figure 3.11: Photomicrograph of sigmoidal inclusion trail in subhedral, partly resorbed garnet from 
Copperhill biotite-muscovite schist sample H14-006.  
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Figure 3.12: Photomicrograph of poikioblastic kyanite and garnet in Copperhill biotite-muscovite schist 
sample H15-007. Abundant pleochroic halos surround zircon inclusions in kyanite and biotite. 
 
 
Figure 3.13: Photomicrograph of poikioblastic staurolite and garnet in biotite-muscovite schist sample H14-
006. Intergrowth of sillimanite + biotite is crystalizing around the rim of the garnet. Staurolite partly 
envelops garnet. 
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Figure 3.14: Photograph of hand sample of Copperhill schist sample H15-009 showing retrograde 
muscovite pseudomorphs replacing kyanite.  
 
 
Figure 3.15: Photograph of hand sample of Cartoogechaye biotite gneiss sample DEL14-2. Sample 
collected at the same location as DEL14-1. 
 
32
 
 
Figure 3.16: Photograph of Cartoogechaye biotite gneiss sample H15-003.  
 
 
Figure 3.17: Photomicrograph of Cartoogechaye biotite gneiss sample DEL14-2 annotated to show mineral 
assemblage. Biotite and muscovite define the weak and folded foliation.  
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Figure 3.18: Photograph of hand sample of Cartoogechaye migmatitic biotite gneiss sample H14-003. 
Stromatic layering is continuous and folded. 
 
 
Figure 3.19: Photograph of hand sample of Cartoogechaye migmatitic biotite gneiss sample H14-009. 
Stromatic layering is irregularly folded with many folds appearing intrafolial.  
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Figure 3.20: Photograph of hand sample of Cartoogechaye migmatitic biotite gneiss sample H15-004. 
Stromatic layering is continuous and not folded at the scale of the hand sample.  
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Figure 3.21: Photomicrograph in polarized light of Cartoogechaye migmatitic biotite gneiss sample H15-
004 annotated to show mineral assemblage.  
 
 
Figure 3.22: Photograph of hand sample of Cartoogechaye migmatitic hornblende-biotite gneiss sample 
H14-011. Migmatite structure is agmatitic with angular fragments of melanosome and garnet-rich 
amphibolite pods surrounded by feldspar leucosome.  
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Figure 3.23: Photomicrograph of amphibolite pod in Cartoogechaye hornblende-biotite gneiss sample H14-
011. Subhedral hornblende and biotite grains surround poikoblastic garnet.  
 
 
Figure 3.24: Photomicrograph of leucosome in Cartoogechaye hornblende-biotite gneiss sample H14-011. 
Biotite, garnet and apatite are surrounded by a plagioclase matrix.  
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Figure 3.25: Photograph of hand sample of Otto gneissic metapsammite. Sample collected at the same 
location as sample H14-002. Although primarily a metapsammite, the bulk composition was appropriate for 
generating leucosomes.  
 
 
Figure 3.26: Photograph of hand sample of Otto biotite schist sample H14-001. 
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Figure 3.27: Photomicrograph of Otto biotite schist sample H14-001 annotated to show mineral 
assemblage. Layers of aligned muscovite and biotite define the dominant fabric.    
 
Structure 
The rocks in the Hazelwood quadrangle experienced at least four periods of 
Paleozoic deformation. The oldest period of deformation (D1) is recognized by relict bed 
parallel foliation/schistosity (S1) and isoclinal folds (F1) preserved in amphibolite boudins 
(Figure 3.28). S1 foliation is interpreted to be bed-parallel, based on evidence of S0 from 
compositional layering in metapsammite observed to the east of the quadrangle.  
 The second period of deformation (D2) is recognized by a penetrative foliation 
(S2) that bounds intrafolial isoclinal folds (F2). S2 is the dominant foliation in the study 
area and overprints S1. In thinn section, S2 is defined by parallelism of muscovite, biotite, 
elongate quartz grains, and kyanite. S2 foliation strikes NE and is steeply dipping to 
subvertical (Figure 3.29).  
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The third period of deformation (D3) is recognized by open to isoclinal flexural 
flow folds (F3) and the development of an axial plane cleavage (Figure 3.30). F3 fold axes 
predominantly trend northeast. S3 is defined by folded/kinked muscovite and dynamic 
recrystallization of quartz (Figure 3.31). Evidence of S3 is limited to thin section 
observation.  
The last period of deformation (D4) is recognized by high angle brittle faults, 
localized shear zones, and drag folds (F4) (Figure 3.32).  Quartz veins and pegmatite 
intrusions are commonly observed in fault zones (Figure 3.33). 
 
Figure 3.28: F1 isoclinal folds in amphibolite pod surrounded by vertical S2 foliation. (a) Photograph taken 
at Mount Lyn Lowry overlook on the Blue Ridge parkway.  (b) Black and white image trace of photograph 
A. 
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Figure 3.29: Vertical S2 foliation in migmatitic biotite gneiss. (a) Photograph taken on Rocky Knob Road. 
(b) Black and white image trace of photograph A. 
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Figure 3.30: (a). Open F3 folding deforming subvertical S2 foliation. Photograph taken near the peak of 
Plott Balsam Mnt.  (b) Black and white image trace of photograph A. (c) F1 isoclinal fold refolded by F2 
isoclinal fold refolded by closed F3 fold. Photograph taken at end of Eagle Ridge Drive. (d) Black and 
white image trace of photograph C. 
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Figure 3.31: Photomicrograph of protomylonite sample H14-017. Dynamically recrystallized quartz and 
mica fish produce a shear band cleavage (S-C fabric). 
 
 
Figure 3.32: (a) Photograph of D4 drag folds. Photograph taken on OlliTrail. (b) Black and white image 
trace of photograph A. 
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Figure 3.33: (a) Photograph of D4 veins. Photograph taken at sample location H14-011. (b) Black and 
white image trace of photograph A. (c) Inclusion of migmatitic biotite gneiss in D4 pegmatite. Photograph 
taken on Turkey Trail. (d) Black and white image trace of photograph C. 
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Metamorphism  
Metamorphism in the Hazelwood quadrangle ranges from amphibolite to upper 
amphibolite facies (kyanite to sillimanite grade) and increases from the northwest to the 
southeast, as evidenced by kyanite porphyroblasts, fibrous mats of sillimanite replacing 
kyanite in the pelitic rocks (Figure 3.10), and increased proportion of leucosome in 
gneiss. The rocks in the western Blue Ridge reached amphibolite facies whereas the rocks 
in the Central Blue Ridge reached upper amphibolite facies.  Peak metamorphism 
occurred during the Taconic orogeny (Moecher et al., 2004) and Alleganian retrograde 
metamorphism is indicated in the western and central Blue Ridge by replacement of 
garnet with biotite and chlorite as well as sericitization of kyanite (Figure 3.14).  
 
CHAPTER IV. RESULTS OF U-PB ZIRCON GEOCHRONOLOGY 
Apparent cores of zircons separated from Cartoogechaye terrane (DEL14-1, H14-
011, H15-003, and H15-004), Otto Formation (H14-002), and Copperhill Formation 
(H14-007) paragneiss were analyzed at the University of Arizona LaserChron Center on 
the Thermo Element2 multi-collector inductively coupled plasma-mass spectrometer. 
These analyses were used to identify zircon age populations that could correspond to 
several potential events, including: (1) the magmatic or metamorphic ages of source 
rocks, if the zircon grains are detrital or (2) timing of metamorphism/migmatization of 
the paragneiss if the zircon formed in a leucosome during high grade metamorphism.  
Additionally, if the grain is detrital, its age would serve as a constraint on the maximum 
age of deposition of the sedimentary protolith. Cores of magmatic zircon from an 
orthogneiss sample (H14-020) were analyzed at the University of California Los Angeles 
on the CAMECA 1270 ion microprobe to determine the age of crystallization of the 
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igneous protolith. A description of analytical procedures can be found in Chapter II. 
Geochronologic data are compiled in Appendices B-H. The “best ages” were determined 
from 
206
Pb/
238
U ages for grains less than 900 Ma and 
206
Pb/
207
Pb ages for grains greater 
than 900 Ma.  This is because 
206
Pb/
238
U ages are more precise for younger systems and 
206
Pb/
207
Pb ages are more precise for older systems (Gehrels, 2008). Discordance is 
common among the zircons analyzed by LA-ICP-MS. This could be due to lead loss 
during prolonged heating, or lead loss during zircon recrystallization during high grade 
metamorphism. Apparent discordance could also result from laser spots falling on an age 
boundary. Probability density plots are based on zircons that are greater than 90% 
concordant. The implications of discordance for interpretation of ages are discussed later.  
 
Orthogneiss 
Orthogneiss sample H14-020 was collected from an outcrop of Augen gneiss in 
the core of the Campbell anticline (Figure 2.1). Zircons from this sample are subhedral 
with strong to weak oscillatory zoned cores and unzoned rims that range from 1-30 µm in 
thickness (Figure 4.1). Many zircons have fractures, inclusions, and metamict cores, 
which were intentionally avoided during selection of analysis spots. Nine cores of zircons 
from this sample were analyzed, which yielded ages that range from 1087 to 1232 Ma. A 
concordant age of 1147 ± 8 Ma is the proposed age of the magmatic cores, which is 
interpreted to represent the crystallization age of the protolith of the orthogneiss (Figure 
4.2).  
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Figure 4.1: Cathodoluminescence (upper left) and back scatter electron images of grains 1-3 from H14-020 
showing oscillatory (magmatic) zoning and distribution of inclusions. Grain 2 contains a xenocrystic core. 
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Figure 4.2: Concordia diagram from sample H14-020 zircon data. Analyses are by SIMS. 
 
Paragneiss 
Paragneiss samples were collected from representative outcrops within the 
Cartoogechaye terrane, Otto Formation, and Copperhill Formation for detrital zircon 
geochronology. Highly variable and complex zonation patterns are common in all of the 
samples. These zircons are primarily subhedral to anhedral, with oscillatory and/or sector 
zoned and unzoned cores. Few zircons cores contain metamict structures. Weakly zoned 
to unzoned rims that range from ~5-20 µm in thickness are common and consistent with 
metamorphic growth. BSE and Cl images (Figure 4.3) were used to avoid analysis of 
overlapping zones, metamict cores, and metamorphic rims.   
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DEL14-1 (Cartoogechaye biotite gneiss):  
 Cores of 308 zircons were analyzed in a sample of migmatitic biotite gneiss 
collected from the north side of Eaglesnest Ridge (Figure 2.1). 287 analyses are greater 
than 90% concordant. Concordant zircon ages range from approximately 995 Ma to 1688 
Ma with two dominant Mesoproterozoic age populations at 1030 Ma and 1150-1200 Ma 
(Figure 4.4). Minor age populations include the Mesoproterozoic (1420 and 1510 Ma); 
Paleoproterozoic (1688 ± 21 Ma), single grain; and Neoproterozoic (724 Ma ± 9 Ma), 
single grain.      
H14-011 (Cartoogechaye migmatitic hornblende biotite gneiss): 
 Cores of 314 zircons were analyzed in a sample of migmatitic hornblende biotite 
gneiss collected along US 287 Highway 74 (Figure 2.1). This sample had the lowest 
proportion of concordant grains with only 174 analyses being greater than 90% 
concordant. Concordant zircon ages range from approximately 442 Ma to 1734 Ma, with 
five distinct age populations (Figure 4.5) including: (1) Mesoproterozoic grains with age 
modes at 1025 Ma and 1150 Ma; (2) Mesoproterozoic grains with ages between 
approximately 1350 Ma and 1450 Ma; (3) Paleoproterozoic grains between 
approximately 1620 Ma and 1735 Ma are present; (4) Neoproterozoic grains between 
approximately 730 Ma and 875 Ma; (5) Paleozoic grains with a weighted mean age of 
465 ± 2 Ma that comprise approximately 20% of this sample (Figure 4.6).    
H15-003 (Cartoogechaye migmatitic biotite gneiss): 
 Cores of 300 zircons were analyzed in a sample of migmatitic biotite gneiss 
collected south of sample H14-011 along US Highway 74 (Figure 2.1). 258 analyses are 
greater than 90% concordant. Concordant zircon ages range from approximately 450 Ma 
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to 1252 Ma with two distinct age populations (Figure 4.7). The majority (~ 90%) of the 
zircons are Mesoproterozoic, with a peak at 1180 Ma. Although sample H15-003 
contains zircons at ~1000 Ma, it is the only sample analyzed that does not exhibit the two 
distinct Mesoproterozoic age modes typical of Grenville zircons. In addition, it is the 
only Cartoogechaye gneiss sample that does not have Paleoproterozoic zircons. Paleozoic 
metamorphic zircons with peaks at 480 and 460 make up approximately 10% of this 
sample and are consistent with Taconic orogenesis. Many of the grains define a linear 
trend on the Tera-Wasserburg diagram between ca. 1150 and ca. 450 Ma (Figure 4.7). 
H15-004 (Cartoogechaye migmatitic felsic gneiss): 
 Cores of 291 zircons were analyzed in a sample of migmatitic felsic gneiss 
collected on the peak of Eaglenest Mountain (Figure 2.1). 236 analyses are greater than 
90% concordant and concordant zircon ages range from 457 Ma to 2077 Ma (Figure 4.8). 
Mesoproterozoic grains make up 90% of the sample, with age modes at 1040 Ma and 
1100 Ma. Mesoproterozoic zircons ranging from approximately 1300-1580 Ma are also 
present and three Paleoproterozoic grains were analyzed at 1644 ± 18 Ma, 2076 ± 14 Ma, 
and 2077 ± 20 Ma. Neoproterozoic zircons define an age population with a peak at 680 
Ma. Paleozoic zircon age populations are shown at 540 Ma and between 460 Ma and 480 
Ma; this is the only sample in which zircons with greater than 90% concordance have 
ages at ~540 Ma.  
H14-007 (Copperhill Formation metapsammite) 
 Apparent cores of 286 detrital zircons were analyzed in a sample of 
metapsammite collected on the south side of Mount Lyn Lowry (Figure 2.1) and 241 
analyses were greater than 90% concordant. Ages range from 763 Ma to 1846 Ma (Figure 
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4.9), with the most abundant ages being Mesoproterozoic (1060 Ma, 1170 Ma, and 1440 
Ma). Paleoproterozoic age populations have peaks at 1650 Ma, 1730 Ma, and 1840 Ma 
and a single Neoproterozoic age (763 ± 12 Ma) was also present. No Paleozoic 
metamorphic grains were recognized. 
H14-002 (Otto Formation gneissic metapsammite) 
 Apparent cores of 251 detrital zircons were analyzed in a sample of 
metapsammite collected  on Pinnacle Ridge (Cove Field Ridge overlook on the Blue 
Ridge parkway) (Figure 2.1) and 174 analyses are greater than 90% concordant. 
Concordant zircon ages range from approximately 434 Ma to 2519 Ma (Figure 4.10), 
with greater than 90% being Mesoproterozoic with age populations at 1020 Ma, 1150 
Ma, and 1320 Ma. Minor age populations include a single Archean zircon (2519 ± 18 
Ma), which represents the oldest age revealed in the study and two Neoproterozoic ages 
(~850 Ma). Paleozoic zircons with a weighted mean age of 454 ± 10 Ma make up 
approximately 20% of this sample (Figure 4.11). 
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Figure 4.3: Cathodoluminescence images of representative sections of zircon mounts.    
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Figure 4.4:  Results of LA-ICP-MS of zircon from sample DEL14-1. (a) Probability density plot of data 
with greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all 
data. 
 
53
 
 
Figure 4.5:  Results of LA-ICP-MS of zircon from sample H14-011. (a) Probability density plot of data 
with greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all 
data.  
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Figure 4.6:  Mean ‘best’ age plot of data with ages under 500 Ma and greater than 90% concordance from 
sample H14-011. The mean ‘best’ age of 465±3 is the proposed age of Taconic metamorphism for the 
sample. It should be noted that this calculation of the mean age of metamorphism may be producing an 
apparent older age due to the presence of a shoulder off of the dominant Taconic peak seen in figure 4.5.  
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Figure 4.7:  Results of LA-ICP-MS of zircon from sample H15-003. (a) Probability density plot of data 
with greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all 
data. Red dashed line shows apparent linear trend between ca. 1150 and ca. 450 Ma. 
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Figure 4.8: Results of LA-ICP-MS of zircon from sample H15-004. (a) Probability density plot of data with 
greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all data. 
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Figure 4.9: Results of LA-ICP-MS of zircon from sample H14-007. (a) Probability density plot of data with 
greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all data. 
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Figure 4.10: Results of LA-ICP-MS of zircon from sample H14-002. (a) Probability density plot of data 
with greater than 90% concordance. (b) Concordia diagram of all data. (c) Tera-Wasserburg diagram of all 
data. 
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Figure 4.11: Mean ‘best’ age plot of data with ages under 500 Ma and greater than 90% concordance from 
sample from sample H14-002. The mean ‘best’ age of 454±10 is the proposed age of Taconic 
metamorphism for the sample.  
 
 
Discussion 
The basement lithologies include a Grenville orthogneiss (H14-020) that is ca. 
1150 Ma in age. This unit correlates with the augen gneiss of Hadley and Goldsmith 
(1963) in the Dellwood quad, and is the same age as an  augen gneiss that occurs in the 
center of the Dellwood quad (Quinn, 2012). No other occurrence of augen gneiss was 
observed in the study area, which may suggest that this occurrence is the 
southeasternmost extent of Grenville basement in the region. However, biotite gneiss 
sample H15-003 is dominated by a single age mode at ca. 1150 Ma, with minor age 
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modes at ca. 1050 and 450 Ma. This could indicate that the biotite gneiss could be a 1150 
Ma orthogneiss that experienced Grenville (Ottowan) and Taconic metamorphism to 
produce the younger generations of zircon.  
U-Pb detrital zircon geochronology for the Cartoogechaye, Copperhill, and Otto 
samples (DEL-14-1, H14-002, H14-007, H14-011, and H15-004) yield age spectra that 
are dominated by two Mesoproterozoic age modes at ca. 1050 and 1150 Ma, 
corresponding to Grenville magmatism and metamorphism (Figure 4.12). Zircon ages in 
the range 1200-1500 are less common but, along with the 1050 and 1150 age modes, are 
most similar to detrital zircon age spectra for the Ocoee Supergroup (e.g. Chakraborty, 
2010). This supports the interpretation that the protoliths of the gneisses were clastic 
sedimentary rocks, and the dominant sediment source was local Laurentian 
Mesoproterozoic basement. Paleoproterozoic grains are rare, but are present in all of the 
samples, with the exception of sample H14-002 and H15-003. Archean grains were only 
present in sample H14-002 (Otto Formation). The grains older than 1500 Ma are 
interpreted to be inherited cores. Neoproterozoic grains ranging between 700 and 900 Ma 
are present in all of the paragneiss samples and are interpreted to represent the youngest 
magmatic ages. The youngest detrital zircon age obtained suggests deposition occurred in 
the Neoproterozoic at 700 and750 Ma. This is consistent with deposition in a Laurentian 
margin rift basin. An early Cambrian age of ~545 Ma is present in sample H15-004. 
Although this age mode is not common in the  southern Appalachians, it is recognized as 
the final rift-related age in the northern Appalachians (Cawood, 2001).  
All of the samples underwent Taconic metamorphism ca. ~450 Ma, however, only 
four samples include this population.  This is likely due to the variable degree of 
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migmatitzation, increased grade of metamorphism to the southeast, and the dependence 
of zircon solubility on bulk composition. Sample H14-011 is the most migmatitic sample 
analyzed, has the largest population of Taconic zircons, and has the highest proportion of 
discordant grains. In this sample, 140 grains were discordant, out of the 314 analyzed 
grains, and over half yielded ages less than 800 Ma. The variations in this discordant age 
mode are illustrated in Figure 4.13, where an apparent Neoproterozoic age population 
decreases with an increasing limit of concordance. The effect of the Taconic is evident in 
all samples through zircon discordance along a line through 450 Ma, which is best 
illustrated on Tera-Wasserburg diagrams (Figure 4.7). For several samples, the discordant 
ages spread out along a line between the oldest zircon ages and ca. 450 Ma. This trend is 
consistent with Pb loss at ca. 450 Ma during upper amphibolite facies regional 
metamorphism (T ~ 700 – 750 
o
C). Although the closure T for Pb diffusion in zircon is 
higher (ca. 900 
o
C: Cherniak and Watson, 2001), some Pb loss could have occurred along 
fractures, inclusion boundaries, and cracks. 
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Figure 4.12: Probability density plots for all samples analyzed with LA-ICP-MS.  
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Figure 4.13: Probability density plots for H14-011 showing the variation in modes with concordance. The 
most abundant population of discordant ages range from ~500-800 Ma.  
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CHAPTER V. RESULTS OF GEOCHEMISTRY 
Whole rock major and trace element X-ray fluorescence (XRF) spectrometry was 
carried out on ten representative samples of migmatitic biotite paragneiss (DEL14-1,H14-
009, H14-017, H14-021, and H15-004), migmatitic hornblende biotite paragneiss (H14-
003 and H14-011), migmatitic felsic paragneiss (H15-004), augen orthogneiss (H14-020), 
and metapsammite (H14-007). These analyses were used to identify geochemical trends 
that are associated with the provenance of the paragneiss and to compare to geochemical 
data from previous studies (Loughry, 2010; Chakraborty, 2010; Quinn, 2012). A 
description of the analytical procedures can be found in Chapter II. Geochemical data are 
compiled in Appendix A.  
The elemental compositions of these high grade gneisses reflect the 
heterogeneous nature of the rocks exposed in the Hazelwood quadrangle.  The analyzed 
samples have concentrations of SiO2 that range from 57 to 76 wt. %. Harker diagrams of 
major element oxides vs. SiO2 show that in most samples potassium increases whereas 
aluminum, calcium, iron, magnesium, manganese, titanium, and phosphorus decrease 
with increasing silica content (Figure 5.1).  No compositional relationship is noticeable 
between sodium and silica. On an AFM diagram, the samples define a calc-alkaline trend 
(Figure 5.2).   
In order to evaluate the effect of weathering on the source rocks of the gneisses, 
the Chemical Index of Alteration (CIA) and the Plagioclase Index of Alteration (PIA) 
were calculated (Appendix A). These indices integrate bulk major element compositions 
into a single value that can be used to compare to a model value of a fresh, unweathered 
source rock (Price and Velbel, 2003).  The CIA is used as a measure of the alteration of 
feldspars to clay and therefore based on the proportions of aluminum, calcium, sodium, 
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and potassium (Nesbitt and Young, 1982; Fedo et al., 1995). The CIA is calculated using 
molecular proportions and the equation: CIA = [Al2O3/(Al2O3+CaO*=Na2O+K2O] × 100, 
where CaO* is the amount incorporated into the silicate fraction of the  rock (Nesbitt and 
Young, 1982). The CIA value for unaltered basalt should be between 30 and 45 whereas 
unaltered granites and granodiorites have CIA values that range between 45 and 55 
(Nesbitt and Young, 1982). The CIA values for the gneisses in this study range from 58 
to 68.  
The PIA is used as an alternative to the CIA and was developed as a measure of 
plagioclase weathering to clays or to potassium feldspar (Fedo et al., 1995).  It is based 
on the molecular proportions of aluminum, potassium, calcium, and sodium and is 
calculated through the equation: PIA = [(Al2O3-K2O)/(Al2O3+CaO*+Na2O-K2O)] × 100, 
where CaO* is the amount incorporated into the silicate fraction of the  rock (Fedo, 
1995). The value of a fresh, unaltered rock should be 50 whereas a weathered rock will 
have values close to 100. The PIA calculated for the gneisses in this study range from 60 
to 76.  
Discussion 
Paragneiss derived from first cycle volcanic and plutonic sediments typically have 
similar geochemical signatures to the source rocks (McLennan et. al., 1993). Loughry 
(2010) and Chakraborty (2010) analyzed the whole rock geochemistry of various 
basement rocks in the eastern Great Smoky Mountains and known sedimentary rocks 
derived from Grenville basement rocks (Ocoee Supergroup). The majority of the granitic 
metaplutonic rocks and Grenville affinity metasedimentary rocks exhibit a calc-alkaline 
trend, whereas most amphibolite is tholeiitic. An AFM diagram (Figure 5.3) comparing 
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data from this study to past data indicates that the geochemical signature of the 
paragneiss is consistent with that of Grenville basement rocks. This supports the 
interpretation that the gneisses in Hazelwood quadrangle are metamorphosed equivalents 
of immature, feldspathic, first cycle sediments derived from weathering of Grenville 
basement rocks. However, a whole rock geochemical signature of the exotic basement 
and related detritus (identified in Quinn, 2012) has yet to be determined conclusively, and 
therefore sediment input from an exotic source cannot be dismissed.   
 The indices of alteration (CIA and PIA) have values that suggest little alteration 
of the source rock of the paragneisses and of the basement orthogneiss. Chakraborty 
(2010) conducted a detailed geochemical study of the Ocoee Supergroup sedimentary 
rocks and established that, for the Ocoee rocks, the CIA values range from 50 to 72 and 
the PIA values range from 64 to 68.  Additionally, the Grenville basement orthogneisses 
have CIA values that ranged from 51 to 64 and PIA values that ranged from 51 to 70 
(Chakraborty, 2010). The similarity of the Grenville basement and the Ocoee Supergroup 
sedimentary rocks suggest that the sedimentary rocks are first cycle clastic sediments 
derived from the Grenville basement. The samples analyzed in this study have CIA 
values that range from 58 to 68 and PIA values that range from 60 to 76 (Appendix A), 
which further support the interpretation that the highly metamorphosed sedimentary rocks 
that make up the Cartoogechaye terrane are derived from a local Laurentian margin 
source. 
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Figure 5.1: Harker variation diagrams for select samples in the study area. Cartoogechaye terrane: DEL14-1, H14-003, H14-009, H14-011, H14-017, H14-021, 
H15-003, and H15-004; Copperhill Formation: H14-007; and Augen gneiss: H14-020.
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Figure 5.2: AFM diagram of select samples in the study area. Cartoogechaye terrane: DEL14-1, H14-003, 
H14-009, H14-011, H14-017, H14-021, H15-003, and H15-004; Copperhill Formation: H14-007; and 
Augen gneiss: H14-020. 
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Figure 5.3: AFM diagram of geochemistry data from this study compared with geochemistry data from 
Chakraborty (2010), Loughry (2010), and Quinn (2012).  
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CHAPTER VI. CONCLUSIONS  
  Highly deformed and intensively metamorphosed sedimentary and igneous rocks 
from the Cartoogechaye terrane, Ocoee Supergroup, and the Dahlonega gold belt were 
examined using field observations, U-Pb geochronology, and whole rock geochemistry to 
determine potential sources for the metasedimentary units. Derivation from a local 
eastern Laurentian margin basement source is a well-established interpretation for the 
provenance of the Ocoee Supergroup (Hadley and Goldsmith, 1963; Chakraborty, 2010). 
Quinn (2012) identified two unique detrital zircon age signatures for the Cartoogechaye 
terrane; one which suggests a dominately local Grenville source, similar to the Ocoee 
Supergroup, and another which is atypical of rocks with a Laurentian provenance. This 
thesis provides new data that give insight on the extent of the exotic signature within the 
Cartoogechaye terrane.  
The northern half of the Hazelwood quadrangle is underlain primarily by 
migmatitic paragneisses of the Cartoogechaye terrane. Lithologically and geochemically, 
the gneisses are similar to the migmatitic biotite gneiss and migmatitic hornblende gneiss 
that are recognized to the north in the Dellwood quadrangle and are widespread within 
the basement complex of the eastern Great Smoky Mountains (Hadley and Goldsmith, 
1963; Quinn, 2012). The biotite paragneiss from the Dellwood quadrangle appears to 
grade southward into a more deformed, leucosome-rich variety. However, the increased 
degree of migmatization and polyphase folding prevents direct correlation of the two 
lithologies. These complexities also inhibit the direct identification of the protolith as 
either igneous or sedimentary. 
The Cartoogechaye migmatitic biotite gneiss has whole rock major element 
compositions that follow a calc-alkaline trend, which overlaps with the trend defined by 
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the basement orthogneisses from the Dellwood area (Loughry, 2010; Quinn,2012). This 
similarity could imply the protolith being: (1) igneous or (2) immature, first-cycle 
sediments with the composition of the source rock. Mafic garnet amphibolite pods and 
lenses entrained in the biotite gneiss must have a basaltic origin. Zircons extracted from 
four samples of biotite gneiss have variable morphologies. Samples DEL14-01, H14-011, 
H15-003, and H15-004 contain zircons with nonsymmetrical angular cores and zircons 
with rounded cores with variable amounts of fractures. Both euhedral and anhedral rims 
are present. The heterogeneity of the zircons is consistent with the interpretation that the 
biotite gneiss has a sedimentary protolith.  U-Pb zircon data from all biotite gneiss 
samples reveal multiple age modes. The dominant and most common age modes, present 
in all but H15-003, are at ca. 1050 and 1150 Ma that corresponds, respectively, to the 
Ottowan and Shawinigan phases of the Grenville orogeny (Figure 6.1). These age spectra 
are consistent with a sedimentary protolith, because a plutonic protolith should exhibit a 
single age mode. Although older and younger zircons are present in these samples, the 
dominance of the two Grenville age modes indicate an eastern Larentian margin 
provenance. H15-003 is dominated by a single age mode at ca. 1150 Ma, however, grains 
with ages of 1050 are present. This suggests that biotite gneiss sample H15-003 could be 
either a meta-igneous rock that produced a new generation of zircon during 1150 Ma 
metamorphism or a meta-sedimentary rock produced from a single detrital source.  
The Copperhill and Otto Formations have bulk compositions (pelite and 
psammite) and textural relationships that suggest a sedimentary origin, which is 
consistent with numerous previous studies of the Ocoee Supergroup (Hadley and 
Goldsmith, 1968; Chakraborty, 2012; Kelly, 2014). Therefore the zircons extracted from 
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the leucosome-poor (psammitic) units are the most likely to be detrital grains. The 
morphology of the zircons from the Copperhill and Ocoee samples supports a detrital 
interpretation with subangular and rounded cores that are enclosed in subhedral to 
anhedral rims. U-Pb zircon data reveal multiple age modes that confirm a sedimentary 
origin for these units. The zircon age distributions are very similar to Ocoee Supergroup 
units (Snowbird, Great Smoky, Walden Creek Groups: Chakraborty et al., 2012; Kelly 
2014) in exhibiting the characteristic Grenville age doublet in addition to 1250 to 1350 
Ma grains. These ages support the interpretation of an eastern Laurentian margin source. 
None of the samples exhibit detrital zircon age spectra that are as non-Grenvillian 
as the two biotite paragneiss samples analyzed by Quinn (2012), from the Dellwood 
quadrangle (Figure 6.2b). Five of the six samples analyzed have age spectra that correlate 
well to the detrital age spectra of the Grenville affinity rocks identified by Quinn (2012) 
(Figure 6.2a). Additionally, the Cartoogechaye terrane biotite gneisses have age spectra 
that are similar to the Ocoee Supergroup detrital spectrum identified by Chakraborty 
(2010) (Figure 6.3). These U-Pb zircon age similarities along with field and geochemical 
observations support the model that the biotite gneiss represents Neoproterozoic 
Laurentian margin rift sediments that were derived primarily from local Mesoproterozoic 
Grenville basement. In addition, the similar age spectra of the Cartoogechaye terrane 
gneisses and the Otto Formation metapsammite to the Ocoee Supergroup may indicate 
that the central Blue Ridge is a contemporaneous, distal equivalent of the western Blue 
Ridge. Age distributions also support the middle Ordovician (Taconian) being the time of 
regional metamorphism and migmatization.   
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Discordance of zircon ages is common in all of the paragneiss samples analyzed 
and is an indicator of the complex tectonic history of the grains. The discordance of the 
grains makes provenance interpretations particularly challenging and it is important to 
determine the mechanism of discordance. Discordance can occur when the individual 
analysis spot of a zircon overlaps multiple age domains or when there is a disturbance in 
the U-Pb system (Gehrels, 2014). In the samples of paragneiss, lead loss appears to 
follow a linear trend between ca.1150 and 450 Ma (Figure 6.4). The unmetamorphosed 
lithologies from the Ocoee Supergroup, which are interpreted as having the same 
provenance as the samples in this study, have relatively concordant zircon ages 
(Chakraborty, 2010; Figure 6.5). This suggests that lead loss in the samples may be 
caused by Taconic regional metamorphism.  
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Figure 6.1: Probability density plots for all samples analyzed with LA-ICP-MS. Shaded bars represent 
zircon-producing orogenic events in the southern Appalachians. Solid arrows represent zircon producing 
rift events. Dashed arrow represents ages proposed to be a result of inheritance during crustal recycling. 
Gray shaded bars represent crust forming events. Timing of Paleoproterozoic orogenesis from Whitmeyer 
and Karlstrom, 2007. Timing of Mesoproterozoic orogenesis from Rivers, 2008; Hynes and Rivers, 2010. 
Timing of Neoproterozoic rifting from Tollo, 2004. Timing of Paleozoic orogenesis from Hatcher, 2005; 
Moecher et al., 2011.  
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Figure 6.2: Probability density curves from this study (solid lines) compared to the Grenville detrital 
signature (top, shaded brown) and exotic detrital signature (bottom, shaded gray and green) from Quinn, 
2012. Notice samples from this study have age spectra that are more similar to the Grenville detrital 
signature than the exotic detrital signatures. All samples with the exception of H15-003 differ from the 
Grenville signature due to ages younger than 800 Ma. Sample H15-003 differs from the Grenville signature 
due to the lack of a significant age population around ~1000 Ma 
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Figure 6.3: Probability density curves from this study (solid lines) compared to the detrital signature of the 
Wading Branch Ocoee Supergroup (shaded gray) from Chakraborty, 2010.  
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Figure 6.4: Tera-Wasserburg showing apparent linear trends of discordance in six samples of paragneiss 
analyzed in this study.   
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Figure 6.5: Tera-Wasserburg showing zircon analyses from the Wading Branch Formation of the Ocoee 
Supergroup from Chakraborty, 2010. 
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